Flexible adaptation to environmental stress is vital for bacteria. An energy-efficient post-transcriptional stress response mechanism in Escherichia coli is governed by the toxin MazF. After stress-induced activation the endoribonuclease MazF processes a distinct subset of transcripts as well as the 16S ribosomal RNA in the context of mature ribosomes. As these 'stress-ribosomes' are specific for the MazF-processed mRNAs, the translational program is changed. To identify this 'MazF-regulon' we employed Poly-seq (polysome fractionation coupled with RNA-seq analysis) and analyzed alterations introduced into the transcriptome and translatome after mazF overexpression. Unexpectedly, our results reveal that the corresponding protein products are involved in all cellular processes and do not particularly contribute to the general stress response. Moreover, our findings suggest that translational reprogramming serves as a fast-track reaction to harsh stress and highlight the so far underestimated significance of selective translation as a global regulatory mechanism in gene expression. Considering the reported implication of toxin-antitoxin (TA) systems in persistence, our results indicate that MazF acts as a prime effector during harsh stress that potentially introduces translational heterogeneity within a bacterial population thereby stimulating persister cell formation.
INTRODUCTION
During their lifetime, free-living bacteria have to deal with sudden environmental changes, e.g. in temperature, pH and nutrient availability, or to cope with the immune response and antibiotic treatment when invading a host. A general means to overcome adverse stress conditions is the stringent response, a bacterial survival mechanism by which the metabolism is reduced to a minimum. During the stringent response the alarmone guanosine tetra-or pentaphosphate (p)ppGpp is synthesized to trigger substantial alterations of the transcriptional program (1) by favoring alternative sigma factors that guide the RNA polymerase to the respective promoters (2) . In addition, a variety of specific transcription factors can change the transcriptional landscape to ensure the physiological adaptation to the given conditions (3) . Besides the transcriptional regulation, an increasing number of studies suggest that regulation at the post-transcriptional and translational level is likewise crucial for the modulation of protein synthesis, underlined by the rather imperfect correlation between tran-scriptomes and translatomes (4) . Hitherto, known mechanisms for translational regulation involve e.g. regulatory small RNAs (sRNAs), riboswitches and regulatory proteins that can mask or expose ribosome binding sites or affect the RNA stability. However, in contrast to the global regulatory effect governed by alternative transcription these posttranscriptional mechanisms are rather specific for individual targets.
In striking contrast, we recently identified a posttranscriptional regulatory mechanism in Escherichia coli that has the potential to globally affect protein synthesis in response to a variety of different stress conditions (5) . When cells encounter stress the toxin-antitoxin (TA) module mazEF is activated by proteolysis of the antitoxin MazE. Consequently, the free toxin MazF cleaves RNAs specifically at single-stranded ACA-sites leading to the rapid degradation of bulk mRNA and overall reduction of protein synthesis (6) . Besides, MazF generates a subset of leaderless mRNAs (lmRNAs) by cleaving specific transcripts at ACA-sites upstream of the AUG start codon. Surprisingly, the 16S rRNA incorporated in mature ribosomes is likewise targeted by MazF. The endoribonuclease removes 43 nucleotides (nts) from the 16S rRNA 3 -end comprising the anti-Shine-Dalgarno (aSD) sequence (5) . Thereby, 70S 43 ribosomes are generated that are incapable to initiate translation on canonical mRNAs containing a long and structured 5 -untranslated region (UTR) due to the lack of the SD/aSD interaction. However, the modified 70S 43 ribosomes were shown to selectively translate lmRNAs (5) constituting the so called stress translation machineries (STMs) (7) .
Several studies addressing the physiological significance of chromosomally encoded TA systems, which are abundant in free-living bacteria but lost from strictly hostassociated bacteria (8) , suggest their implication in the general stress response and biofilm formation (9) . Furthermore, the role of TA systems in growth arrest, (programmed) cell death and cell survival is widely discussed (10, 11) and their influence on bacterial persistence, in particular during antibiotic treatment, has been shown (12) (13) (14) . Persisters are supposed to be a metabolically inactive, dormant fraction of a bacterial population that is--despite being genetically identical to their non-persistent kin--tolerant to lethal concentrations of antibiotics (15) . Thus, despite this transient nature of the tolerance phenotype, bacterial persistence poses a severe health problem during antibiotic treatment of pathogenic bacteria, which possess an usual high number TA loci (8, 16) . However, at present the underlying mechanisms are still poorly understood. Considering that MazF activity results in the processing of specific mRNAs as well as modification of the translational machinery, we hypothesized that this post-transcriptional stress response mechanism might contribute to the differentiation of some cells of a population into persister cells. Hitherto, only a few highly abundant proteins have been identified, that remain to be synthesized after mazF activation employing 2D gel electrophoresis and mass spectrometry (17) . As Vesper et al. have shown that about 50% of the ribosomes are cleaved by MazF after serine hydroxamate (SHX) treatment mimicking amino acid starvation (5) , it is conceivable that this mechanism targets many more transcripts. To determine the so-called 'MazF-regulon', i.e. the entity of processed and selectively translated mRNAs after mazF overexpression, we employed a Poly-seq analysis, combining polysome fractionation and next generation RNA sequencing. In contrast to the ribosome profiling analysis developed by Ingolia et al. (18) , our approach is suitable to isolate intact, full length mRNAs from polysomes and thereby enables the concomitant analysis of the translatome and the processing state of the polysome-associated mRNA. Hence, our results provide insights into the linkage between transcription and translation levels and represent a snapshot of the altered transcriptional and translational landscape in dependence of MazF activity.
MATERIALS AND METHODS

Bacterial strains and growth conditions used in this study
Escherichia coli strain MC4100 F' (19) was used for the analysis in the absence of mazF overexpression. For the analysis upon mazF overexpression the same strain was transformed with plasmid pSA1 harboring the lacI q gene as well as mazF under the control of the T5 promoter and the lac operator (17) . Bacterial strains were grown at 37
• C in Luria-Bertani (LB) broth, supplemented with 100 g/ml ampicillin when required for plasmid maintenance. Growth was monitored by photometric measurement of the optical density at 600 nm.
Purification of total and polysome-associated RNA upon mazF overexpression E. coli strains MC4100 F' and MC4100 F' pSA1 were grown at 37
• C in LB. At OD 600 of 0.5, strain MC4100 F' pSA1 was treated with 100 M IPTG for 15 min and then harvested by centrifugation. MC4100 F' was harvested without treatment at an OD 600 of 0.6. For total RNA preparation, 50 ml of cell cultures were harvested by centrifugation for 10 min at 4000 rpm and 4
• C in an Eppendorf 5810 R centrifuge (Rotor FA 45-6-30) and cell pellets were frozen in liquid nitrogen. Total RNA was isolated using TRIzol R -reagent (Invitrogen) following the manufacturer's protocols.
For preparation of polysome-associated RNA 1.2 l of cell culture per sample were quickly chilled by pouring into 3x 500 ml centrifuge bottles (Nalgene) containing 100 g of fresh ice, while kept in an ice-water-bath (1:1 v/v) containing 10 g/l NaCl and immediately harvested by centrifugation at 4000 rpm for 10 min at 4
• C in a Sorvall RC5-C (FiberLite F10S-6×500y rotor, Piramon Technologies). Cell pellets were kept on ice and gently resuspended in icecold TICO-lysis-buffer (TICO-buffer: 20 mM HEPES, 6 mM MgOAc, 6 mM NH 4 OAc, 4 mM ␤-Mercapto-EtOH plus 4 mg/ml Lysozyme) to a final concentration of 200 OD 600 -units per ml, transferred to a 50 ml conical centrifuge tube (Starlab), and slowly frozen at −20
• C to avoid shearing of RNA. For gentle cell disruption the suspension was slowly thawed on ice and slowly refrozen at −20
• C for three times. DNase I (RNase-free, Roche) was added in a concentration of 0.05 units per OD 600 -unit and incubated for 10 min on ice after each thawing step. The S30 extracts were cleared in aliquots of 1 ml by centrifugation in 1.5 ml reac-tions tubes (Sarstedt) at 30.000 g for 1 h at 4
• C in a Sigma 3K30 centrifuge (rotor 12154) and stored at −80
• C. A total of 50-100 A 260 -units of S30 extracts (in a maximum of 1 ml) were loaded onto a 10-30% sucrose gradient in TICO-buffer in SW28 tubes (SETON) to separate ribosomal subunits, monosomes and polysomes by centrifugation at 28.000 rpm for 3 h at 4
• C in a Beckmann L-70 ultracentrifuge (Beckmann SW28 rotor). Upon fractionation, polysome fractions ( Figure 1B , fractions 20-32, ∼13 ml) were pooled and concentrated to 300 l in H 2 O-DEPC by precipitation with 10% sodium acetate (pH 5,2) and 50% 2-propanol over night at −20
• C followed by centrifugation at 13.000 rpm for 1 h at 4
• C in a Eppendorf 5810 R centrifuge (Rotor FA 45-6-30) . RNA was isolated using TRIzol Rreagent (Invitrogen) following the manufacturer's protocols.
To remove accidentally co-purified genomic DNA from total or polysome derived RNA, the samples were treated with DNase I (RNase-free, Roche), extracted again with phenol/chloroform and ethanol-precipitation. Complete removal of DNA was verified by PCR (Primers for chromosomal grcA: I3/G1, data not shown). Ribosomal RNA was depleted using Ribo-Zero TM Magnetic Kit (Gram-Negative Bacteria, Epicentre) following the manufacturer's protocol. For further analysis, the depleted rRNA, bound to the magnetic beads, was recovered by phenol/chloroform extraction and ethanol-precipitation. For an overview of the purification process and efficiencies see the Supplementary Table S1.
Library preparation and next-generation sequencing
For the comparative RNA-seq analysis the following samples were used: Total RNA from untreated MC4100 F' cells ('T-') and from MC4100 F' pSA1 cells 15 min after induction of mazF overexpression by IPTG ('T+'), and polysomeassociated mRNA from untreated MC4100 F' cells ('P-') and from MC4100 F' pSA1 cells 15 min after induction of mazF overexpression by IPTG ('P+'). Libraries from two biological replicates (R1 and R2) were prepared using 50-100 ng of the rRNA-depleted RNA using NEBNext R Ultra Directional RNA Library Prep Kit for Illumina (New England BioLabs), following the manufacturer's protocol. The quality of the resulting adaptor ligated cDNA was checked with the Agilent DNA Kit on an Agilent 2100 Bioanalyzer. Library preparation resulted in samples with average fragment sizes of 200-240 bp (data not shown). Samples were pooled (one set of four ('T-', 'T+', 'P-', 'P+') per replicate for one multiplex) and sequenced on Illumina HiSeq2000 with a single read length of 100 bp (VBCF NGS Unit; www.vbcf.ac.at). Sequence reads were mapped to the E. coli BW2952 MC4100 reference sequence (accession NC 012759).
Computational analysis
The sequencing resulted in a total of ∼220 million raw reads per multiplex/replicate. Sequencing adapters were removed from the de-multiplexed samples with cutadapt (20) . Quality control before and after adapter removal was performed with FastQC (http://www.bioinformatics.babraham.ac.uk/ projects/fastqc). The BW2952 MC4100 reference genome and annotations (accession NC 012759) were obtained from the NCBI FTP server and reads were mapped against the reference genome with segemehl (v0.1.7) (21, 22) . Uniquely mapped reads were extracted for the downstream analysis and processed for UCSC visualization. Read count numbers for each sample were determined with the htseqcount utility from the HTSeq package (23) and differential gene expression analysis was performed with DESeq (24) . Cutoff values for considering changes as significant are padj < 0.05 and log2fold change < −0.6 for down-regulation and > 0.6 for up-regulation. Visualization of aligned reads and coverage profiles were done with the UCSC genome browser (25) . Coverage profiles of individual samples were normalized (26) .
To cluster candidates according to their functions we used the function assignments provided by EcoGene 3.0 (27) . We downloaded a table of gene names, protein products and functions for all 4506 annotated genes (status of December 2014) and used the provided information to cluster the genes into the following functional classes: Metabolism and energy supply (ME), Cell cycle (CC), Protein synthesis (PS), Response regulation (RR), Cell structure (CS), Not classified (NC). See Supplementary Table S3 for a detailed list of the defined functional classes and subclasses. The matching of lists of candidates with the classification annotation list was performed with the R statistics software (28) .
RESULTS
Purification of total and polysome-associated mRNA
In light of the hypothesized role of the mazEF module in cell survival and persister cell formation, our observation that MazF activity leads to reprogramming of protein synthesis prompted us to simultaneously analyze alterations introduced by MazF in the E. coli transcriptome and translatome. As an initial approach we ectopically overexpressed mazF in E. coli strain MC4100 F' harboring plasmid pSA1 (17) . The cells were grown in LB medium until mid-exponential phase, and 15 min after induction of mazF overexpression by addition of IPTG, total RNA ('T+') was isolated from two biological replicates for transcriptome analysis. Likewise, total RNA was prepared from untreated MC4100 F' cells ('T-'). Concomitantly, we prepared S30 extracts, which were separated on sucrose density gradients to subsequently isolate mRNAs from the polysome fractions ('P-' and 'P+') as schematically depicted in Figure  1A . In contrast to sequencing analysis of total RNA after mazF overexpression, which reveals the processing state of all RNAs in general, this additional step allows the determination of the entity of mRNAs that are selectively translated by the 70S 43 ribosomes and therefore associated to polysomes.
Polysomes are assemblies of 70S ribosomes translating simultaneously the same mRNA molecule (29), thus mRNAs associated to polysomes represent the translatome. In contrast to the state of the art method for polysomebased translatome analysis described by Ingolia et al. (18) , we isolated full length mRNAs from polysomes without the use of translational inhibitors, to avoid a bias on the Figure 1 . The RNA purification and validation of the method. (A) Schematic depiction of the workflow. E. coli MC4100 F' (light gray, '-') and MC4100 F' pSA1 (dark gray, '+') were cultured and mazF overexpression was induced in MC4100 F' pSA1 by addition of IPTG at OD 600 of 0.5. Fifteen minutes thereafter total RNA was extracted ('T') and S30 extracts were subjected to sucrose density gradient centrifugation to obtain ribosome profiles shown in (B). RNA was isolated from the pooled polysome fractions ('P'). All samples of two independent experiments were subjected to RNA-seq. (C) Processing of the 16S rRNA was determined by RT-PCR analysis performed on rRNA from total and polysomal RNA using forward primer S7 and reverse primers X15 or Y12 that bind upstream or downstream of the MazF-cleavage site, respectively, as indicated below. Lanes 1-4: RT-PCR with S7 and X15 served as internal control. Lanes 6-9: RT-PCR with S7 and Y12. (D) Signals obtained in the RT-PCR analysis shown in (C) were quantified and normalized. The 70S:70S 43 ratios calculated for the total ('T+') and polysomal ('P+') RNA purified after mazF overexpression are given. (E) RT-PCR on grcA mRNA in total and polysomal RNA using forward primers R1 or I3 that bind upstream or downstream of the MazF-cleavage site, respectively, as indicated below, and reverse primer G1. Lanes 1-4: RT-PCRs with I3 and G1 served as internal control. Lanes 6-9: RT-PCR with R1 and G1. stress response. Furthermore, we disrupted the cells gently using lysozyme and three freeze-and-thaw cycles to avoid shearing of the RNA and degradation of the nonimmobilized polysomes. The ribosomal subunits, monosomes and polysomes were separated by sucrose density gradient centrifugation of cell lysates. As shown in Figure  1B , the overall inhibition of translation after mazF induction is indicated by less pronounced polysome peaks (black line) when compared to ribosome profiles obtained from exponentially growing cells (gray line). The polysome fractions ( Figure 1B , fractions 20-34) were pooled omitting the monosome peak in order to select for actively translated mRNAs. The respective RNA was isolated and upon depletion of rRNA via magnetic beads (Ribozero R , Epicenter; see Supplementary Table S1 , rows 'P-' and 'P+', column 'rRNA depletion') subjected to RNA-seq (see Materials and Methods).
Validation of rRNA and mRNA processing by MazF
First, we confirmed the formation of the 70S 43 ribosomes upon mazF overexpression. To this end, the rRNA recovered from magnetic beads used for depletion of the above mentioned RNA samples was subjected to reverse transcription PCR (RT-PCR). To distinguish between full length 16S rRNA (nts 1-1542) and MazF-processed 16S 43 rRNA (nts 1-1499), two different reverse primers specific for the 16S rRNA sequence upstream (X15) or downstream (Y12) of the MazF cleavage site were used in combination with the forward primer S7, which anneals to a central region of the 16S rRNA ( Figure 1C ). Employing primer pair S7/X15, which anneals to both, intact and truncated 16S rRNA, we obtained comparable amounts of the expected product in all samples tested, without treatment (lanes 1 and 3) and upon overexpression of mazF (lanes 2 and 4), revealing that the same amount of rRNA was used in all RT-PCR analyses. Using primer pair S7/Y12, which is specific for the full length 16S rRNA, we obtained significantly weaker signals when using rRNA purified from cells upon mazF overexpression (lane 7 and 9) when compared to the sample taken from untreated cells (lane 6 and 8). Remarkably, quantification and normalization of the data indicated that 15 min after mazF induction more than 65% of the ribosomes are processed. Intriguingly, about 90% of the ribosomes present in the polysome fractions are 70S 43 ribosomes ( Figure 1D ). Together, these results not only prove the formation of 70S 43 ribosomes by MazF in general, they further underline that translationally active ribosomes after mazF overexpression are predominantly 70S 43 ribosomes, which lack the 3 -terminal 43 nts of the 16S rRNA due to MazF cleavage.
Next, the quality of isolated total and polysomeassociated mRNA was assessed via RT-PCR using the grcA mRNA that has been previously identified as MazF target (formerly yfiD) (5). The encoded protein GrcA represents the glycine radical co-factor A that reactivates pyruvate formate lyase after oxidative stress (30) . Active MazF cleaves at an ACA-site at position -2 relative to the A of the AUG start codon resulting in the selective translation of the leaderless grcA mRNA by the 70S 43 ribosomes. We confirmed the MazF-processing by primer extension ( Supplementary Figure S2A ) and RT-PCR analysis using polysomal RNA (Figure 1E ). To discriminate between full length grcA mRNA comprising the 5 -UTR and the leaderless grcA mRNA variant we performed RT-PCR with reverse primer G1, hybridizing within the grcA coding region, in combination with either I3, annealing at the 5 -end of the grcA coding region downstream of the MazF cleavage site, or R1, binding to the 5 -UTR upstream of the MazF cleavage site (Figure 1E ). RT-PCR performed with primers I3/G1 specific for both full length and leaderless grcA yielded the same amounts of the 423 nts long PCR product in all four samples tested ( Figure 1E , lanes 1-4). In contrast the amount of the PCR products using primers R1/G1 specific for the full length grcA mRNA was significantly reduced in RNA extracted from cells after mazF overexpression (lanes 7). Using mRNA purified from polysomes the amount of this product is even further reduced ( Figure 1E , lane 9) indicating that the actively translated grcA mRNA upon MazF activation is predominantly leaderless.
Taken together, these data reveal that the employed polysome purification procedure is appropriate to extract sufficient amounts of intact mRNA for downstream applications like RNA-sequencing. Thus, the polysomeassociated mRNAs as well as the total RNAs were used to generate cDNA libraries that were subjected to deep sequencing as described in Material and Methods to identify transcripts that are selectively translated upon mazF overexpression thereby constituting the 'MazF-regulon'. The ratio between mRNAs with significantly increased (dotted) and decreased (plain) levels in total RNA (black) and polysome-associated mRNA (gray) after mazF overexpression is shown relative to the total number of E. coli genes, according to EcoGene3.0 (27) . Absolute numbers are indicated in each bar. (B) Distribution of polysome-associated mRNAs with significantly increased levels into the different functional clusters. (C) Distribution of polysome-associated mRNAs with significantly decreased levels into the different functional clusters. The absolute numbers of RNAs assigned to each functional cluster are indicated and represent the numbers given in Supplementary Table S2, columns 'P up A' and 'P down A'. (ME = metabolism and energy supply, CC = cell cycle, PS = protein synthesis, RR = response regulation, CS = cell structure, NC = not classified).
Selective translation plays a crucial regulatory role after mazF overexpression
First, we characterized MazF-mediated changes introduced in the transcriptome and translatome employing a differential gene expression (DGE) analysis with DESeq (24) on the read count data obtained from total and polysomeassociated RNA-seq data mapped with the short read aligner segemehl (21, 22) . We only considered transcripts with an adjusted P-value (padj) < 0.05 and a log2fold change > 0.65 or < −0.65 (3-fold change) significantly differentially abundant between the two conditions (±mazF overexpression). We found that upon mazF overexpression the levels of 1664 transcripts are significantly changed in total RNA, amongst those are 889 down-regulated and 775 up-regulated (Figure 2A ). These numbers indicate that MazF induces a plethora of changes within only 15 min, as this number corresponds to 37% of the genome. This effect is even more pronounced in the polysome-associated mRNA fraction, where the levels of 2511 transcripts, representing 56% of the genome, are significantly altered (Figure 2A) . Upon mazF overexpression 1296 mRNAs are less abundant in polysomes, whereas 1216 transcripts are more abundant. Additionally, we observed, that the transcript level alterations in total RNA and polysome-associated RNA do not entirely overlap (Supplementary Figure S1A and B).
Given these substantial alterations in total and polysomeassociated mRNA levels, we next determined the physiological functions of the proteins encoded by the affected mR-NAs applying a functional cluster analysis based on information provided by EcoGene 3.0 (27) as specified in detail in Materials and Methods (also see Supplementary Table  S3) . We observed that almost half of the mRNAs, whose translation is reduced after mazF overexpression are functionally involved in the general cell 'metabolism and energy supply' ( Figure 2C, dark blue) . This result goes in line with the observations that activation of the toxin MazF leads to down-regulation of cellular metabolism (14) . Our analysis further revealed that the levels of a rather large fraction of mRNAs that classify into 'protein synthesis' are decreased in polysomes after mazF overexpression and that correspondingly only the levels of 33 transcripts of this functional cluster are increased ( Figure 2B and C, respectively, light green). Taken together, these results suggest that the 'protein synthesis' cluster is an example for negative regulation on the basis of selective protein synthesis during stress (also shown in Supplementary Figure S1C) . By contrast, a large fraction of mRNAs that show augmented levels in polysomes after mazF overexpression, is involved in 'cell structure' ( Figure 2B , light blue and Supplementary Figure  S1C ) indicating their selective translation after the stress.
Notably, the cluster specific MazF-induced transcript level alterations are only apparent when analyzing polysome-associated mRNA (Supplementary Table S2 and Supplementary Figure S1C) . Likewise, the difference in mRNA abundance between total and polysome-associated mRNA is more pronounced after mazF overexpression (see Supplementary Figure S1D ). Taken together, these observations strongly support the notion that the translational adaption by the means of specialized ribosomes plays a significant role in the MazF-triggered stress response and suggest that MazF induces a first-level, fast-track stress response by generating the 70S 43 ribosomes.
The 'MazF-regulon'
Finally, we analyzed the processing state of selectively translated mRNAs present in the polysomes after mazF overexpression. To this end, we screened the read count density profiles visualized in the UCSC genome browser (25) for variations in the transcript coverage (Table 1) . In contrast to the expected generation of lmRNAs, this analysis revealed that MazF processing not only occurs directly upstream of the AUG start codon as shown for the grcA mRNA ( Figure  1E and Supplementary Figure S2A ), but also can take place up to 100 nts upstream of the start codon yielding a processed but still leadered mRNA harboring a SD sequence. Nonetheless, these MazF-processed but leadered mRNAs are still predominantly associated to polysomes, i.e. they are actively translated. To validate the MazF-mediated processing at the observed ACA-sites in the 5 -UTR of 15 selected mRNAs with cleavage sites between one to 25 nts upstream of the start codon we performed primer extension analysis on total RNA (Figure 3 and Supplementary Figure S2) . Further, we confirmed that in correspondence to the sequencing data the erfK and infA mRNAs despite comprising ACA-sites in their 5 -UTR are not cleaved by MazF at these positions (data not shown).
Further analysis of the MazF-regulon, comprising the 330 processed and significantly polysome-associated mRNAs (listed in Table 1 ) revealed no particular functional clustering of the corresponding protein products ( Figure 4A ). We observed that transcripts with functions in 'metabolism and energy supply' and 'protein synthesis' are slightly overrepresented compared to the distribution of functional clusters among all E. coli genes ( Figure 4B ), whereas 'not classified' RNAs and RNAs with function in 'cell structure' are slightly underrepresented. This shows that the MazF-mediated stress response has a more wideranging impact then expected. Interestingly, 52 of the 330 (16%) processed mRNA, constituting the MazF-regulon, are essential. As only 7% of the E. coli genes are essential, this high number supports our hypothesis that the MazFregulon represents a subset of mRNAs, essential or important for the bacterial population to survive during and to recover after stress.
Selective translation of MazF-processed mRNAs
The unexpected observation that the MazF-regulon not only comprises lmRNAs but also processed transcripts with 5´-UTRs that still harbor a SD sequence is difficult to reconcile with the selective translation by 70S 43 ribosomes that lack the aSD sequence. Thus, we tested for translation initiation complex formation by 70S 43 ribosomes employing the full length and the MazF processed variants of the rpsU and the groL mRNAs as examples for a lmRNA generated by MazF cleavage directly upstream of the AUG start codon (5) and a MazF-processed mRNA that still harbors a 5´-UTR comprising the SD-sequence generated by cleavage 25 nts upstream of the start codon, respectively ( Figure 5 ). As shown in Figure 5A , toeprinting analysis employing the canonical rpsU mRNA comprising the 47 nts long 5´-UTR revealed that in contrast to 30S subunits (lane 2) isolated 70S 43 ribosomes do not form translation initiation complexes (lane 3). However, on the leaderless rpsU transcript the 70S 43 ribosomes are proficient to selectively form initiation complexes at the 5´-terminal AUG start codon (lane 4) whereas only a very weak toeprinting signal was detectable when canonical 30S subunits were used (lane 5). These results are in line with the selective translation of lmRNAs by 70S 43 ribosomes described by Vesper et al. (5) . Using the two groL mRNA variants comprising either the canonical 5´-UTR of 152 nts or only 25 nts after MazF-processing, respectively ( Figure 5B and C) , the analysis revealed that 70S 43 ribosomes are able to form a translation initiation complex on the MazF-processed transcript despite the presence of a 25 nts long 5´-UTR ( Figure 5C, lane 8) . As expected, we did not observe a toeprinting signal of the 70S 43 ribosomes when using the full length groL mRNA (lane 3). This result exemplifies that 70S 43 ribosomes are proficient to selectively translate MazF-processed transcripts even if they harbor a truncated 5 -UTR comprising the SD sequence.
DISCUSSION
The MazF-mediated stress response poses a novel prime example for a fast and energy-efficient post-transcriptional regulation mechanism in bacteria. Solely by triggering the degradation of one protein, namely the antitoxin MazE, The distance of the MazF cleavage sites to the AUG start codon, the encoded protein products as well as their respective functional clusters are given. mRNAs whose cleavage was experimentally verified by primer extension analysis are indicated in bold. (ME = metabolism and energy supply, CC = cell cycle, PS = protein synthesis, RR = response regulation, CS = cell structure, NC = not classified). protein synthesis is modulated due to selective translation of a subset of processed mRNAs by the concomitantly generated 70S 43 ribosomes (5). Recently, several lines of evidence indicate that the activation of TA modules affects persister cell formation. Thus, we aimed to decipher the entity of MazF-processed and selectively translated mRNAs, the 'MazF-regulon', in order to shed light on physiological alterations, which are potentially required for the reprogramming of distinct cells toward persistence. With this end in view, we established a method to isolate intact, full length mRNAs from polysomes, avoiding physiological interference by translation blocking agents and subsequent RNA-sequencing analysis ( Figure 1A and Supplementary  Table S1 ). Given the high potential for reciprocal activation of the different TA systems present in E. coli as well as their induction by antibiotic treatment, we chose artificial ectopic mazF pulse-expression to enrich for immediate MazF targets and to primarily study direct effects of the toxin. Moreover, this approach facilitates the determination of the isolated MazF-mediated effects without induction of additional stress response mechanisms like, e.g. alternative transcription, which would likewise be triggered by physiological stress conditions. As shown in Figure 1 , our validation experiments revealed that our approach allows the identification of processed mRNAs entailed by the overexpression of mazF. Collectively, this study resulted in the identification of 330 transcripts that are cleaved by MazF within their 5´-UTR and consequently efficiently associated to polysomes upon mazF overexpression.
Interestingly, these MazF-processed transcripts are not particularly involved in the stress response, but encode proteins with a broad variety of functions ( Figure 4 and Table  1 ) indicating the widespread effects of MazF activity and consequently translational selectivity in response to stress. In light of the fact that TA systems and in particular the mazEF system, are required for persistence (14), we envisage the following model to explain the potential impact of the MazF-mediated stress response on persistence. Our study addresses the entire bacterial population, thus we cannot conclude how transcription and translation are altered in every individual cell. However, given the functional diversity of the proteins encoded by MazF-processed transcripts it is conceivable that MazF induces heterogeneous effects within single cells of the population. Moreover, given the fast reaction to stress conditions triggered solely by degradation of the antitoxin MazE, we hypothesize that the variations introduced by the TA system might differ from cell to cell with regard to their current status, e.g. during different phases of the division cycle or their intrinsic age (31) . Thus, MazF could act as a prime effector in response to stress, which might have the potential to amplify the cell variations within a population in an undirected manner and hence would consequently give rise to a variety of heterogeneous cells with distinct physiologies. Moreover, considering the proposed reciprocal activation of different TA systems present in E. coli we hypothesize that the interconnected activity of different TA systems further increases the phenotypic variability and in turn stimulates persister cell formation either by induction of stochastic variations in gene expression or by amplification of the molecular noise. This stochastic increase in variability could ensure that a few cells within a population are equipped with a unique toolbox, i.e. a combination of proteins and/or RNAs required to sustain challenging conditions.
The underestimated significance of translational regulation and ribosome specificity
Considering the general stress response, which is mediated primarily at the transcriptional level, one would expect a direct correlation between the transcriptional regulation of a particular mRNA and its translational efficiency as exemplified by its presence in the polysome fraction. However, this assumption is not supported by our first comparative analysis of polysome-associated versus total RNA. Interestingly, we observed that the changes in mRNA levels in response to mazF overexpression are more pronounced in the polysome-associated mRNA when compared to total RNA (Figure 2A and Supplementary Figure S1C and D) . Further, almost 50% of the mRNAs that are differentially associated to polysomes upon mazF overexpression are not significantly regulated at the total RNA level (Supplementary Figure S1A and B). Taken together, our data indicate that in contrast to relaxed conditions, regulation at the level of translation plays a major role in response to stress. This notion was recently strongly supported by Picard et al. who analyzed the translational response of the lactic acid bacterium Lactococcus lactis during isoleucine starvation by ribosome profiling coupled with microarray analysis (32) . The authors present evidence that translational regulation significantly contributes to the stress response. Correspondingly, Taylor et al. investigated the extent of translational regulation in protein synthesis of Shewanella oneidensis MR-1 during oxygen limitation by comparing RNA sequencing and proteome data (32) . They report that the alteration of translational efficiency contributes to about 75% of the changes in protein levels.
In our analysis, the entire set of transcripts encoding ribosomal proteins (RPs) intriguingly exemplifies the stressresponsive regulation by selective translation. Here, 46 out of 54 RP-encoding mRNAs are significantly reduced in polysomes after mazF overexpression. This is also reflected by the large fraction of 'protein synthesis' transcripts, which are reduced in polysomes after mazF overexpression (Supplementary Figure S1C ). However, only 14 out of these are also reduced in the total RNA pool. In addition, eleven RPcoding mRNAs (encoding proteins bS1, uS2, uS7, uS10, bS16, bS20, uL2, bL7, uL18, bL28 and bL35 (33) ) are processed by MazF and found to be associated with polysomes (Table 1 ). In contrary, over 50% of all 'cell structure' transcripts are particularly augmented in polysomes after mazF overexpression (Supplementary Figure S1C) . Together, our observations highlight the significance of translational selectivity, at the level of ribosome heterogeneity and put forward the notion that the immediate response to harsh stress conditions does not rely on the generation of additional regulatory protein or RNA factors.
Selected MazF targets in the spotlight
With respect to their physiological functions associated with the stress response, important candidates for MazFcleavage are the rho, rpoA, zwf and rpsA mRNAs encoding transcription termination factor Rho, the ␣-subunit of RNAP, the glucose-6-phosphate 1-dehydrogenase and RP bS1, respectively.
The transcription termination factor Rho ( Figure 3A ) promotes dissociation of the RNA polymerase (RNAP) and the nascent mRNA from the template DNA by ATPdependent helicase activity upon binding to the so-called rut (rho utilization) sites in the nascent transcript (34, 35) . It has been shown that transcription and translation are coupled by indirect interaction of the ribosome and RNAP under favorable conditions (36, 37) . Thereby, frequent rut sites within coding regions of mRNAs, that would recruit Rho and hence lead to premature transcription termination, are obscured by the ribosome. When translation is shut down due to stress-induced MazF activity, Rho can access these rut sites and promote transcription termination (38) . It is conceivable that sustained production of Rho via selective translation of its MazF-processed mRNA might link decreased protein synthesis to early transcription termination in order to save resources for the stressed cells. Furthermore, Rho has been linked to additional regulatory functions in gene expression (38) which might likewise be important during the stress response.
The ␣-subunit of RNAP (rpoA, Figure 3B ) is essential for assembly of the core RNAP and involved in the regulation of transcription initiation via the ␣-subunit. Recently, RNAP␣ was shown to interact with RP uL2 that acts as a transcriptional regulator (39) . As we likewise identified the rplB transcript coding for uL2 as a MazF target, one could surmise that the transcriptional regulation via uL2-RNAP␣ might be of importance during stress response or stress recovery.
The zwf gene (Zwischenferment, Figure 3C ) encodes the glucose-6-phosphate 1-dehydrogenase. Interestingly, the penta-peptide NNWDN (Asn-Asn-Trp-Glu-Asn; residues 199-203 of Zwf) is excised from the protein by the ClpPX protease (40) and is likely to be converted to NNWNN (Asn-Asn-Trp-Asn-Asn) by the asparagine synthase A (AsnA) (41) . NNWNN represents the quorum sensing molecule 'extracellular death factor' (EDF), which is secreted into the extracellular environment and thus relays cell density information to the MazEF complex, thereby triggering MazF toxicity (42) . Deletion of the genes zwf or asnA both individually prevented production of active EDF (41) . Thus, the removal of the zwf 5´-UTR by MazF might ensure the continuous synthesis of the corresponding protein in order to preserve EDF production (43) .
Protein bS1 (rpsA, Figure 3D ) is crucial for efficient translation initiation in Gram-negative bacteria (44) (45) (46) , but is dispensable for the translation of lmRNAs (47, 48) . As the MazF-mediated stress response mechanism is based on translation of lmRNAs, bS1 would not be required during stress. However, continuous synthesis of bS1 under these conditions from the leaderless transcript might be crucial to ensure its required presence during recovery from stress when translation of canonical mRNAs becomes prevalent again.
The 'MazF-regulon'
Surprisingly and in contrast to our expectations, the determination of the 'MazF-regulon' revealed that MazF processing of mRNAs does not only result in the formation of lmRNAs. In addition, we identified processing events that leave truncated 5 -UTRs with various lengths. Despite the presence of these 5´-UTRs that comprise the SD sequence these processed transcripts are selectively translated after mazF overexpression. Further toeprinting analyses using the leaderless rpsU mRNA and the MazF-processed groL mRNA that comprises a 25 nts long 5´-UTR verified that 70S 43 ribosomes are able to form translation initiation complexes at both MazF-processed transcripts, the leaderless and the leadered mRNA ( Figure 5 ). Taken together, our results indicate that the translational selectivity not only relies on the presence of a 5´-terminal AUG start codon. We hypothesize that MazF-processing by itself primes mRNAs to selective translation by 70S 43 ribosomes, rather than being rendered leaderless. Noteworthy, the cleavage by MazF leaves the mRNAs with a 5 -hydroxyl. Consequently, the processed transcripts are not targeted by RNase E and are thus stabilized (49) . However, conceptually related to the selective recognition of the 5´monophosphate by RNase E, we hypothesize that the 5 -hydroxyl might represent a primary feature stimulating the selective interaction with the 70S 43 ribosome in the absence of the SD-aSD interaction. Thus, our results raise the possibility that translation of MazF-processed transcripts initiates with the recognition of the 5 -hydroxyl group by the 70S 43 ribosomes that are equipped with the initiator tRNA. Subsequently, the 70S 43 ribosomes would scan the mRNA downstream to the AUG start codon. As structures within the 5´-UTR would interfere with the scanning process, the removal of structured regions by MazF processing might also stimulate the translational efficiency of the 70S 43 ribosomes. However, the underlying mechanism still remains to be elucidated and is currently under study in our laboratory. Nevertheless, our data suggest that the previously described STM (7) has to be redefined. The STM rather comprises 70S 43 stress-ribosomes that translate MazF-processed transcripts, independent of the length of the 5 -UTR.
Taken together, our work provides insights into a fast and energy-saving regulatory mechanism that allows bacteria to reprogram protein synthesis in response to harsh changes in environmental conditions. As mentioned above, for this initial approach we ectopically expressed mazF in E. coli strain MC4100 that harbors the relA1 mutation (19) , to enrich for direct MazF targets. Considering that activation of TA-systems mainly require the stringent response mediated by RelA, it is important to note that our results represent a comprehensive but artificial overview of the MazF-regulon. However, this knowledge will allow and facilitate the determination of distinct MazF-regulons under various physiological stress conditions using the 'wild type' E. coli strain MG1655, which is currently ongoing in our group.
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